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Abstract  
 
Porous metal-organic frameworks (MOFs) are of interest as host materials for molecular 
sorption and as catalysts for a variety of reactions. MOFs exhibit permanent porosity, 
high thermal stability, and pores with high surface areas, large void volumes, and 
properties that can be modified through synthesis. We are currently developing porous 
MOFs that incorporate photosensitizers in the backbone in an effort to develop highly 
sorbent materials that generate singlet oxygen in order to oxidatively decompose 
adsorbed organic guest molecules. Porous MOFs containing a porphyrin as the 
photosensitizer were prepared via hydrothermal synthesis by reacting meso tetra(4-
carboxyphenyl)porphyrin (TCPP) with zinc or cobalt nitrate and one of three different 
bridging ligands (1-3) in DMF/EtOH at elevated temperature. Photolytic generation of 
singlet oxygen by the MOF was investigated by monitoring oxidative conversion of 1,3-
diphenylisobenzofuran (DPBF) to the corresponding diketone using UV-VIS absorption 
spectroscopy. 
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1. Introduction 
 
Porous solid materials have long been used to filter and purify water sources by capturing 
contaminants in their large pores, segregating them from the rest of the water supply. 
However, most of these materials have a limited lifetime as they can become saturated 
with these bulky contaminant molecules. A proposed solution to this problem is to create 
porous solid materials that have specificity for contaminant molecules and can 
catalytically decompose the target contaminant. One particular type of system that could 
be used for this process is a metal-organic framework. 
  
Metal-organic frameworks (MOFs) are a type of ordered, crystalline porous solid 
materials.1, 2 MOFs have permanent pores throughout the structure, which are large 
enough to allow solvent or other guest molecules to diffuse into the scaffold. MOFs are 
comprised of a central metal or metal complex that binds to organic ligands, creating 
patterned layers, which can be stacked with organic struts to create a three-dimensional 
porous structure. The organic ligands that make the framework structure are known as 
linkers and can be varied to produce different pore sizes and different functionalities 
based on the structure, properties, and size of the linkers. 
  
The incorporation of metalloporphyrins as functional MOF struts has been proposed due 
to their utility as molecular catalysts, though catalytic activity relating to singlet oxygen 
generation from such structures is not yet well documented due to the challenges inherent 
in designing such structures.3-5 Recent work in the field of MOF structures has produced 
and characterized the porphyrin paddle-wheel framework (PPF) structure.2 These MOFs 
use a photosensitive porphyrin bridge to produce a photoactive center in each layer. 
These photoactive centers have the appropriate energy to generate highly reactive singlet 
oxygen, which can be harnessed to oxidize many organic substances, including some of 
the most harmful contaminants in the water supply. This ability, as well as their stability, 
consistent pore sizes, and tenability stemming from the MOF structure, makes PPFs a 
suitable solution for water treatment. 
  
The MacDonald group has recently been investigating a series of PPF-style MOF 
structures using tetrakis(4-carboxyphenyl)porphyrin paddlewheel layers stacked with 
variable organic struts. Several previously reported structures have been analyzed for 
generation of singlet oxygen in response to light activation in presence of a model 
contaminant. Our research has expanded on this by developing two novel zinc-based PPF 
structures, which show distinct void volumes and pore sizes while still maintaining the 
porphyrin layers. Additionally, we investigated the singlet oxygen activity of two 
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previously discovered MOF structures containing the same linkers, but different metal 
centers. We compared the differences in activity to show how metal selection may affect 
usability in the envisioned settings. 
  
Section 2 of this report provides relevant background information pertinent to porous 
materials, MOFs, singlet oxygen generation, and previous related work in the MacDonald 
research group. Section 3 describes the synthetic strategies and experimental work carried 
out to synthesize several paddlewheel MOFs containing porphyrin photosensitizers, and 
analytical methods used to characterize the structures and porous properties of those 
MOFs. Section 3 of this report also describes experimental work carried out to investigate 
the activity of MOFs toward generating singlet oxygen. Section 4 reviews and discusses 
all results of these experiments and their importance toward reaching our research goal.  
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2. Background 
 
Metal-organic frameworks (MOFs) are a class of porous solid materials consisting of 
crystalline coordination polymers with channels that permeate the solid.1 The molecular 
components used to construct MOFs are rigid organic ligands featuring two or more 
functional groups that coordinate to transition metal ions. The resulting transition metal 
complexes serve as higher-order building blocks that continue to self-assemble into one-, 
two- or three-dimensional networks (i.e., frameworks) that form highly ordered solids. A 
hallmark of MOFs is the presence of continuous channels that impart porosity and that 
result in a variety of topological architectures (e.g., cubic, diamond) that depend on the 
length, number of coordinating functional groups, and rigidity of the organic linking 
ligand. By definition, a porous solid is one in which permanent channels or pores 
permeate the structure, pores have dimensions large enough to allow solvent or other 
guest molecules to diffuse into the structure, and the porosity and structure is maintained 
when guests within the channels are removed by heating or vacuum. The porosity of 
MOFs known varies between 20 and 95 percent, where porosity is a measure of the ratio 
of the accessible pore volume to the total volume of the solid. Porous materials are 
typically classified on the arrangement of pores (ordered or disordered) and the sizes of 
the pores: Microporous solids have pores less than 2 nm in diameter, mesoporous solids 
have pores ranging in diameter between 2 and 50 nm, and macroporous solids have pores 
greater than 50 nm in diameter.6 Zeolites and metal-organic frameworks are examples of 
ordered microporous solids and have been widely studied for their applications in 
domestic, commercial and industrial settings.1, 4, 7-10  
 
Crystalline porous solids  
Crystalline porous solids such as zeolites and MOFs are different from disordered porous 
solids such as activated carbon or gels in that the pore structures, dimensions and 
topology are well defined and can be controlled and reproduced. A comparison between 
pore size of Zeolite-A and MOF-5 can be seen below in Figure 1.5  Zeolites are comprised 
of aluminosilicate complexes in an ordered arrangement, which leads to small pores with 
diameters of 2-10 Å. Due to the limited number of geometric arrangements of these 
complexes, only slightly more than 200 zeolite structures have been discovered, despite 
many years of study. In contrast, MOFs can have near limitless structures as they rely on 
organic ligands contributing to their pore sizes, which allows for a wider range of 
structures and framework architectures.11 
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Figure 1. Spacefill comparison between (A) Zeolite-A and (B) MOF-5. 
 
Zeolites  
Inorganic zeolites are one of the more ubiquitous ordered microporous materials that 
consist of hydrated, crystalline tectoaluminosilicates, composed of TO4 (T = Si, Al) 
tetrahedra bridged by oxygen atoms.12 To neutralize the charges resulting from trivalent 
aluminum coordinated tetrahedrally by oxygen, cations of alkali and earth alkali metals 
are present within the channels of zeolites. Consequently, zeolites frequently are used in 
applications involving ion-exchange. As shown in Figure 2, zeolites exhibit a broad range 
of crystalline structures with different channel topologies resulting from variation in the 
arrangements of the sodalite cage, which is the repeating unit in zeolites. Zeolites can be 
synthesized by hydrothermal reaction and subsequently crystallization of reactive alkali-
based aluminosilicates. The solgel method also can be utilized to prepare zeolites.12 
Surface properties, such as the hydrophobicity of the channels can be controlled by 
varying the ratio of silicon to aluminum, also determine the crystalline structure and pore 
dimensions present in the resulting zeolite. The resulting channels of zeolites are 
constricted by narrow openings with a maximum diameter of 12Å, but typically 8 Å or 
less in most zeolites, that restricts the utility of zeolites as porous hosts to guests 
consisting of ions and small organic molecules. Thus, zeolites offer a somewhat limited 
number of combinations of channel topology and porous properties. Nevertheless, 
zeolites are still used widely as porous hosts for applications that involve sorption of 
smaller guests.12  
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Figure 2. Examples of several zeolite frameworks generated by different arrangements of the sodalite cage.12 
Metal-organic frameworks (MOFs)  
Metal-organic frameworks (MOFs) are a class of porous solid materials consisting of 
crystalline coordination polymers with channels that permeate the solid. The molecular 
components used to construct MOFs are rigid organic ligands featuring two or more 
functional groups that coordinate to transition metal ions.4 The resulting transition metal 
complexes serve as higher-order building blocks that continue to self-assemble into one-, 
two- or three-dimensional networks (i.e., frameworks) that form highly ordered solids. A 
hallmark of MOFs is the presence of continuous channels that impart porosity and result 
in a variety of topological architectures (e.g., cubic, diamond) that depend on the length, 
number of coordinating functional groups, and rigidity of the organic linking ligand.4 The 
effect of the linking ligand length in determining pore size is illustrated below in Figure 3. 
The porosity of known MOFs varies between 20 and 95 percent, where porosity is a 
measure of the ratio of the accessible pore volume to the total volume of the solid. This 
porosity imparts high internal surface areas, allowing for increased adsorption of guest 
molecules. 
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Figure 3. Differing pore sizes based on size of bridging ligand. 
 
 
Metal-organic frameworks are of particular interest to researchers due to their wide 
variety of potential applications and the ability to customize pore sizes by synthesis using 
different bridging ligands. By selecting ligands of proper length, chemists can create 
MOFs, which are selective for particular guest molecules based on the size of the pores. 
These bridging ligands can also be used to build additional functionality into the 
frameworks. For example, a long ligand with a crown ether substituent can be used to 
synthesis MOFs with high selectivity for large guest molecules.11 These MOFs can be 
used as phase transfer catalysts for these large guests due to the crown ether structure 
incorporated into the system.11  
  
Due to their high surface areas and void volumes, MOFs have applications in many areas 
of chemistry and biochemistry, including separations, drug delivery, molecular storage 
and catalysis.3, 5, 9 1, 7, 8, 13. The rigid structure of MOFs allows for discrete locations where 
reactants can entire and be trapped, increasing the likelihood that a secondary reactant 
will be in close proximity and react to synthesis new products. MOFs can also act as a 
non-soluble carrier of metals into a solution to act as catalysts where solubility can be 
problematic. 
 
Many pharmaceuticals need to be in a specific location of the body to accomplish their 
intended purpose. Current drug treatments are subject to limitations including their 
nonspecific distribution throughout the body, meaning increased doses, rapid clearance 
and numerous side effects.13 As previously described, MOFs exhibit numerous desirable 
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characteristics as drug carriers including: high surface areas and large pore sizes, intrinsic, 
tunable biodegradability owing to the labile nature of metal-ligand bonds and tunable 
functionality allowing for selective uptake of drug molecules.  Ferey and colleagues have 
synthesized chromium-containing MOF frameworks that are able to store large quantities 
and release ibuprofen over time.7 However, the inclusion of toxic chromium into the 
frameworks makes them unsuitable as delivery mechanisms, though the group has 
recently synthesized a more biologically compatible iron analog.14 Additionally, MOFs 
that are therapeutic before the inclusion of drug molecules are being developed.10 This 
framework incorporate non-toxic iron and nicotinic acid, which possesses vasodilating 
and antilipemic properties, and the framework degrades rapidly under physiological 
conditions, releasing the bioactive molecule within hours.  It is believed that these 
nontoxic, bioactive MOFs could be used to sorb guest drug molecules, leading to 
heightened effect.13    
 
Metal-organic frameworks can also be used as molecular storage. By tuning the pores to 
the appropriate size for an organic guest, researchers can trap these particular chemicals 
and make use of them. Yaghi et al. have shown IRMOF-6 to be an efficient absorber of 
methane, and were able to store 70% of the amount of methane stored in compressed gas 
cylinders at much lower and safer pressures within the framework.1 These types of 
storage MOFs may make the use of methane as a fuel more widespread and safer.  The 
use of MOFs as molecular storage can be advantageous as MOFs frameworks can be 
tuned in size and functionality to allow for greater absorption of a target molecule, as 
shown by Yaghis range of IRMOFs.1 
 
Catalysis by MOF systems is one of the most well studied applications of metal organic 
frameworks and one of their most promising areas for development. A range of catalytic 
behaviors including oxidation, epoxidation, ring opening and condensation reactions have 
been shown by a variety of MOF species.3 An example of one such catalytic MOF is the 
palladium containing MOF described by Llabres i Xamena and colleagues in 2007.  This 
MOF showed activity in aerobic alcohol oxidations, Suzuki C-C couplings and olefin 
hydrogenation, and was shown to be readily reusable.9   
 
Singlet oxygen  
Singlet oxygen is a highly reactive form of excited state dioxygen that that is known to 
react with and oxidize many organic compounds.15 Singlet oxygen is created when one 
electron in the p-orbital of triplet oxygen with total spin state S=1 is excited by an 
appropriate energy to cause it to flip its spin state. This causes a new total spin state of 
S=0, which is known as the singlet state and causes the oxygen molecule to become 
reactive due to the instability of the electron state.15 A diagram of the molecular orbitals 
of triplet and singlet oxygen can be seen in Figure 4. 
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Figure 4. Molecular Orbital Diagrams of A) Triplet Oxygen (Ground State), B) Singlet Oxygen (Excited State), and C) 
Singlet Oxygen (Relaxed State). 
 
Singlet oxygen generation  
Singlet oxygen can be formed as a result of a transfer of energy from a photosensitizing 
chromophore such as a porphyrin to triplet oxygen.16 When a porphyrin is irradiated, the 
energy absorbed excites a pi electron from the ground singlet state (S0) into an excited 
singlet state (S1), where a down-spin electron moves into the next highest orbital in the 
same spin state. From this excited state, the porphyrin can move into an excited triplet 
state (T1) by intersystem crossing of the down-spin electron into an up-spin electron. The 
photo-energized porphyrin then relaxes back to the ground singlet state, releasing energy. 
If this relaxation occurs in the presences of triplet oxygen (3O2), the excitation energy can 
be directly transferred to triplet oxygen to form the singlet oxygen state (1O2). 
 
P(S0) à P(S1) à P(T1)  (1) 
 
P(T1) + 3O2 à P(S0) + 1O2  (2) 
 
P(T1) + 3O2 à P(S0) + 3O2 + hv (3) 
 
Scheme 1: Formation of Triplet Porphyrin by photoexcitation 
Scheme 2: Formation of Singlet Oxygen from relaxation of Triplet Porphyrin 
Scheme 3: Relaxation of Triplet Porphyrin without formation of Singlet Oxygen, competes with Scheme 2 
 
Reactivity of singlet oxygen  
Due to its unstable nature, 1O2  reacts with a variety of different organic functional groups 
causing oxidation. For example, singlet oxygen readily reacts with the pi electrons in the 
furan ring of diphenylisobenzofuran (DPBF) to form an unstable endoperoxide 
intermediate that rapidly undergoes rearrangement to form the corresponding diketone, as 
shown in Figure 5.17 This particular mechanism can be applied to a variety of double 
bonded or conjugated systems to deactivate the structures. This reaction scheme can also 
be used to form specific oxidation products if used with an appropriate reactant. As 
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described later in this report, we utilize DPBF as a model contaminant to detect and 
monitor production of singlet oxygen by MOFs containing porphyrin photosensitizers. 
 
 
Figure 5. Oxidative breakdown of double bonds by Singlet Oxygen. 
 
Current research in the MacDonald group  
Recent research in our group has focused on designing and synthesizing a series of MOFs 
containing porphyrin photosensitizers incorporated into the framework in order to 
develop porous materials that actively sorb organic molecules from solution and then 
oxidatively break them down. We envision utilizing those materials as catalysts in 
applications for treating water sources contaminated by organic compounds such as 
pesticides (e.g., chlordane), hormones (e.g., estrogens) and carcinogens (e.g. 
benzo[a]pyrene) identified by the EPA as harmful to humans. To do this, we envisioned 
the general strategy illustrated below in Figure 6 in which the MOF sorbs the 
contaminant, then becomes excited by sunlight and catalytically generates singlet oxygen. 
Singlet oxygen subsequently oxidizes and ideally breaks down the contaminant, which 
then diffuses out of the MOF to create space for more sorption.  For this project, two 
novel and two previously published porphyrin paddle-wheel framework MOFs were 
synthesized, characterized and tested for their activity in regards to causing the 
breakdown of a model contaminant (1,3-diphenylisobenzofuran, DPBF) by production of 
singlet oxygen.  Stability, porosity and rate of DPBF degradation caused by the 
N
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frameworks were the key focuses, with special attention paid to the relationship between 
pore size of the framework and degradation rate of the contaminant. 
 
 
Figure 6.  Strategy for adsorption of organic contaminants, catalytic generation of singlet oxygen, and oxidative 
degradation of guest contaminants by a photosensitizing MOF.
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3. Experimental 
 
Zn(NO3)2 • xH2O, 99%, 4,4’-bipyridine, 98%; 4-carboxybenzaldehyde, 98%, pyridine-4-
carboxaldehyde, 97%, pyrrole, 98%, 1,4-diazabicyclo[2.2.2] octane, 98%, 
dimethylformamide (DMF), 99%, propionic acid, 99%, 1,2-dibenzoylbenzene, 97%, 1,3-
diphenylisobenzofuran, 97% and Co(NO3)2 • 6H2O, 99%, tetrakis(4-
carboxyphenyl)porphyrin, 97%, 200 proof ethanol, and triethylamine, 99% were 
purchased from Alfa Aesar, Acros, Frontier Scientific, Pharmco or Avocado and used 
without further purification.  Solids analyzed by NMR for purity. 
 
Samples of MOF crystals were characterized using a combination of optical microscopy, 
thermogravimetric analysis (TGA), powder X-ray diffraction (PXRD), and single-crystal 
X-ray diffraction (SXRD). Bulk samples of all crystals were isolated and examined under 
a low-power optical polarizing stereomicroscope to determine the homogeneity of 
samples based on crystal morphology (paddlewheel MOFs generally form square plates), 
and to ensure that single crystals analyzed by SXRD were not twinned or cracked.  
 
Infrared spectra were examined for crystals of MOFs and spectra were obtained using a 
Bruker Optics FT-IR spectrometer equipped with a Vertex70 attenuated total reflection 
(ATR) accessory by collecting 64 scans over a scan range from 4000 to 400 cm-1 at 4 cm-1 
resolution. PXRD data were collected on a Bruker-AXS D8-Advance diffractometer 
using Cu-Kα radiation with X-rays generated at 40kV and 40mA. Bulk samples of 
crystals were placed in a 20 x 16 cm x 1 mm well in a glass sample holder and scanned at 
RT from 5-45° (2θ) in 0.05° steps at a scan rate of 2°/min. Samples of all crystals were 
analyzed by TGA to determine if crystalline samples were porous and to quantify the 
amount of guest solvent contained within MOFs based on loss of mass during heating. 
Analysis by TGA was carried out using a TA Instruments 2920 thermogravimetric 
analyzer. Bulk samples of crystals (5-10 mg) were placed in Pt sample pans and then 
heated from RT to 500°C at a rate of 10 °C /min under a nitrogen atmosphere. UV/Vis 
spectra were collecting on an Evolution 300 UV/Vis Spectrophotometer. 
 
Synthesis of Ligands 
Tetrakis(4-Carboxyphenyl)porphyrin (TCPP) 
A solution of propionic acid (50 mL) containing pyrrole (5.1mmol) and 4-
carboxybenzaldehyde (4.9 mmol) was refluxed for 24 hr.  The solution was cooled to 
room temperature, with a small amount of purple crystals visible on the walls of the 
reaction vessel. After 25 mL methanol was added as a co-solvent, the solution was then 
chilled in an ice bath, resulting in more purple crystals. These crystals were collected via 
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vacuum filtration, washed with methanol and hot water, and left to air dry for 72 hours.  
Dark purple powder; 1H NMR (500 MHz, DMSO-d6): δ= 8.86 (s, 8H), 8.40-8.34 (quar, 
16H). 
Tetrakis(4-Pyridal)porphyrin (TPyP) 
A solution of propionic acid (50 mL) containing pyrrole (5.4 mmol) and pyridine-4-
carboxaldehyde (5.2 mmol) was refluxed for 24 hr. After cooling to room temperature, 
small amounts of saturated aqueous sodium bicarbonate solution were added as the 
solution chilled in an ice bath to precipitate dark purple crystals.  These were collected by 
vacuum filtration, washed with methanol and hot water, and allowed to air dry. Dark 
purple powder; 1H NMR (500 MHz, CDCl3): δ= 9.87-9.06 (quar, 8H), 8.87 (s, 8H), 8.16-
8.15 (quar, 8H) 
Synthesis of MOFs 
 
Three dinitrogen linkers were used as bridging ligands in our MOF syntheses: DABCO 
(1), BP (2), and TPyP (3).  The structures of these ligands and their relative size can be 
seen below in Figure 7.  The corresponding ligand information can be seen in Table 1. 
 
Table 1: Ligands used to bridge paddlewheel layers. 
 1 2 3 
Name 1,4-diazabicyclo[2.2.2] octane 
4,4’-
bipyridine 
5,10,15,20-Tetrakis(4-
pyridal)porphyrin 
Abbreviation DABCO BP TPyP 
Formula C6H12N2 C10H8N2 C40H26N8 
N-N distance 2.53 Å 7.12 Å 15.45 Å 
 
 
Figure 7. Chemical structures of ligands used to bridge paddlewheel layers.  
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TCPP-BP-Co 
A solution of Co(NO3)2, 4,4’-bipyridine, and synthesized Tetra(4-
carboxyphenyl)porphyrin in a 3:2:1 ratio was combined in 3:1 DMF/EtOH in a thick-
walled microwave vial and heated at 80°C for 24 hours in a Precision Economy Oven. 
The reaction was then allowed to slow cool for 2 hours, forming dark red square plates 
that appeared dark purple in bulk (Figure 8). A small sample of the MOF saturated with 
solvent was collected and analyzed for porosity via Thermogravimetric Analysis and a 
sample of the larger single crystals was saved in solution for single crystal X-Ray 
Diffraction analysis (see Results). The remaining product (labeled TCPP-BP-Co) was 
collected via vacuum filtration, partially dried in open-air overnight, and analyzed for 
structure, composition, and activity with DPBF. 
 
 
Figure 8. Optical micrographs of crystals of Co-TCPP-BP (left) and Co-TCPP-BP (right). 
TCPP-BP-Zn 
A solution of Zn(NO3)2, 4,4’-bipyridine, and synthesized Tetra(4-
carboxyphenyl)porphyrin in a 3:2:1 ratio was combined in 3:1 DMF/EtOH in a thick-
walled microwave vial and heated at 80°C for 24 hours in a Precision Economy Oven. 
The reaction was then allowed to slow cool for 2 hours, forming dark red square plates 
that appeared dark purple in bulk. A small sample of the MOF saturated with solvent was 
collected and analyzed for porosity via Thermogravimetric Analysis and a sample of the 
larger single crystals was saved in solution for single crystal X-Ray Diffraction analysis 
(see Results). The remaining product (labeled TCPP-BP-Zn) was collected via vacuum 
filtration, partially dried in open air overnight, and analyzed for structure, composition, 
and activity with DPBF. 
 
TCPP-TPyP-Zn 
A solution of Zn(NO3)2, synthesized Tetra(4-pyridyl)porphyrin, and synthesized Tetra(4-
carboxyphenyl)porphyrin in a 3:2:1 ratio was combined in 3:1 DMF/EtOH in a thick-
walled microwave vial and heated at 80°C for 24 hours in a Precision Economy Oven. 
The reaction was then allowed to slow cool for 2 hours, forming dark purple square plates. 
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A small sample of the MOF saturated with solvent was collected and analyzed for 
porosity via Thermogravimetric Analysis and a sample of the larger single crystals was 
saved in solution for single crystal X-Ray Diffraction analysis (see Results). The 
remaining product (labeled TCPP-TPyP-Zn) was collected via vacuum filtration, partially 
dried in open air overnight, and analyzed for structure, composition, and activity with 
DPBF. 
 
TCPP-DABCO-Zn 
A solution of Zn(NO3)2, 1,4-diazabicyclo[2.2.2]octane, and synthesized Tetra(4-
carboxyphenyl)porphyrin in a 3:2:1 ratio was combined in DMF containing 4 equivalents 
of triethylamine in a thick-walled microwave vial and heated at 80°C for 24 hours in a 
Precision Economy Oven. The reaction was then allowed to slow cool for 2 hours, 
forming dark red irregular plates that appeared dark purple in bulk A small sample of the 
MOF saturated with solvent was collected and analyzed for porosity via 
Thermogravimetric Analysis and a sample of the larger single crystals was saved in 
solution for single crystal X-Ray Diffraction analysis (see Results). The remaining 
product (labeled TCPP-DABCO-Zn) was collected via vacuum filtration, partially dried 
in open-air overnight, and analyzed for structure, composition, and activity with DPBF. 
 
TCPP-Pyrazine-Zn 
A solution of Zn(NO3)2, pyrazine, and synthesized Tetra(4-carboxyphenyl)porphyrin in a 
3:2:1 ratio was combined in DMF in a thick-walled microwave vial and heated at 80°C 
for 24 hours in a Precision Economy Oven. The reaction was then allowed to slow cool 
for 2 hours, forming dark red square plates. A small sample of the MOF saturated with 
solvent was collected and analyzed for porosity via Thermogravimetric Analysis and a 
sample of the larger single crystals was saved in solution for single crystal X-Ray 
Diffraction analysis (see Results). The remaining product (labeled TCPP-pyrazine-Zn) 
was collected via vacuum filtration, partially dried in open-air overnight, and analyzed 
for structure and composition. 
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General MOF Synthesis Scheme: 
 
 
 
     
Paddle-wheel layer of TCPP Zn-TCPP-BP MOF structure 
consisting of stacked paddle wheel 
layers joined by bridging ligands 
	   16	  
Analysis of synthesized ligands and MOFs 
 
Thermogravimetric Analysis (TGA) of the MOF products was performed on a TA 
Instruments Hi-Res TGA 2950 Thermogravimetric Analyzer using the following 
procedure. A sample of MOF crystals was blotted dry to removed excess solvent on the 
exterior of the structure. A 5-10 mg sample was placed on a flame-sterilized, tared, 
platinum TGA pan and heated under a N2 atmosphere at a rate of 10°C per minute from 
RT to 500°C. The mass of the sample was recorded throughout the experiment and 
analyzed for a decrease in mass corresponding to loss of guest DMF solvent contained in 
the pores of the MOF structure. 
 
Powder X-Ray Diffraction Analysis (P-XRD) of the MOF products was performed on a 
Bruker AXS D8 with a Cu Source by the following general procedure. A sample of 50-
100 mg of MOF crystals was ground with a mortar and pestle to a fine powder and 
transferred to a PXRD sample holder. The powder was subjected to X-Ray radiation at 
angles (recorded as (2θ) ranging from 3° to 45° in 0.05° increments. A detector was 
placed equidistant from the sample relative to the emitter and at an angle of (2θ) above 
the trajectory of the emitter. This detector recorded the intensity of the emissions 
diffracted to that angle for each step. A second sample of the MOF was heated to 200°C 
to remove solvent from the pores analyzed under the same procedure as for the filtered 
MOF. PXRD traces can be seen in Appendix C. 
 
Nuclear Magnetic Resonance (NMR) data was collected by a Bruker 500 MHz NMR 
Spectrometer. NMR solvents were CDCl3 or d6-DMSO. Collected NMR Spectra can be 
seen in Appendix A. 
 
Infrared Spectra (IR) were collected on a Bruker Vertex 70 with a Golden Gate ATR 
Accessory.  Collected IR Spectra can be seen in Appendix B. 
 
Activity of MOFs by DPBF Quenching 
 
Light Reactions.  A beaker containing 10 mg of MOF and 35 mL of 100 µm solution of 
1,3-diphenylisobenzofuran (DPBF) in DMF was stirred until the MOF was evenly mixed 
throughout the solution. The beaker was subjected to a xenon lamp equipped with a 480 
nm cut-off filter and a right angle mirror. For each 10-minute interval, a 3 mL aliquot was 
removed by a 5 mL syringe. The syringe was then equipped with a microporous filter to 
remove MOF particles and injected into a quartz cuvette, which was then analyzed for its 
UV/Vis spectrum on an Evolution 300 UV/Vis Spectrophotometer. The absorbance peak 
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for DPBF at 415 nm was graphed for each 10-minute interval for each test and compared 
to controls to show decomposition of DPBF as a result of singlet oxygen. 
 
 
 
Controls.  Controls for the activity of various species with regard to DPBF in the absence 
of light were conducted using the following method: A 3 mL solution of 100 µm DPBF 
in DMF was placed into a quartz cuvette. A magnetic stir bar and 10 mg of MOF 
particles were added, and the cuvette was placed on a stir plate under a foil wrapped 
beaker.  Every 10 minutes, the MOF particles were filtered off through a syringe filter 
and the solution analyzed via UV/Vis spectroscopy. The solution was run through the 
same syringe filter in reverse to replace the MOF particles into solution and returned to 
the cuvette for further stirring.  A second series of controls was created by performing 
both of the previous two experiments with the absence of MOF particles to show natural 
degradation of DPBF by light. A third control involved creating a concentration 
calibration curve for DPBF in DMF, with precise concentrations created and then tested 
via UV/Vis spectroscopy.
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4. Results & discussion 
Porosity of synthesized MOFs  
Our series of porphyrin paddle-wheel framework MOFs containing different dinitrogen 
linking ligands all exhibited thermogravimetric behavior consistent with that of porous 
materials, losing between 24% and 94% of their mass as solvent.  As expected, the 
relationship between pillar size and weight percent lost during heating correlated well 
with Zn-TCPP-DABCO only losing 24% of its mass as solvent and Zn-TCPP-TPyP 
losing 94% of its mass as solvent.  Zn-TCPP-BP, with its heterogeneous pore sizes, lost 
more mass as solvent then its homogenous cobalt analog.  Above, Figure 7 shows the 
relative sizes of the dinitrogen linkers used in this study, with Table 1 displaying 
information about the ligands, including the nitrogen-to-nitrogen distance as measured 
using the crystallographic visualization software Mercury. Figure 9 shows the TGA data 
for all four MOFs. 
 
 
 
 
Figure 9. TGA data for MOFs. 
 
 
	   19	  
 
 
MOF Stability   
As shown in Figure 10, all MOFs were thermally stable to greater than 250°C, with Zn-
TCPP-BP and Zn-TCPP-TPyP thermally stable to greater than 400°C.  However, upon 
activation (removal of guest solvent) for use in DPBF activity tests, both Zn-TCPP-
DABCO and Zn-TCPP-TPyP were observed to degrade in DMF solutions, with free 
metallated porphyrin dissolving off of the MOF particles and becoming visible by 
UV/Visible Spectroscopy after 30 minutes of stirring the MOF in solution.  This 
instability of the MOF species once activated and replaced into solution with stirring is 
being investigated, but unfortunately invalidates activity results for these MOFs at this 
time. Figure 10 shows the results when activated Zn-TCPP-DABCO was used for a 
control DPBF degradation run in the dark.  Figure 11 shows absorption spectra typical of 
both free-base and metallated porphyrins. 
 
 
Figure 10: DABCO MOF dark control results.  The peaks that emerge after 40 minutes at 560 nm and 610 nm are 
characteristic of free metallated porphyrin in solution.  The increase in peak intensity and shift of maximum absorbance 
from 415 nm to 430 nm is also indicative of MOF dissociation. 
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Figure 11: Typical UV/VIS spectra for (a) a free-base porphyrin and (b) a porphyrin–metal complex.18  
 
Zn-Pyrazine-TCPP MOF 
Upon structural analysis of this MOF via TGA and single crystal X-ray diffraction, we 
determined that we had not formed the anticipated 3D MOF structure, where pyrazine 
bridged between our porphyrin paddle wheel layers.  This resulted in a 2D structure 
where our paddlewheel layers stacked offset on top of each other to form thin square 
plate crystals with minimal porosity.  Thermogravimetric analysis showed 10% mass lost 
as solvent, inconsistent with the expected solvent loss from a 3D framework.  The 
conclusion that a 2D MOF structure had been formed out of porphyrin paddle wheel 
layers, with the pyrazine bridging ligands excluded.  TGA of this 2D MOF can be seen 
below in Figure 12. 
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Figure 12. Thermogravimetric analysis for Zn-Pyrazine-TCPP.   
 
Powder X-Ray Diffraction 
 
Powder x-ray diffraction data collected for each MOF was analyzed for diffraction angles 
and consistency before and after activation. Activation occurred by heating the MOF to 
remove solvent, clearing the pores of the structure. As shown below in Figure 13 when 
the TCPP-DABCO-Zn MOF is activated, the diffraction angles remain consistent. This 
trait shows that the MOF has consistent pores, which remain open, even in absence of 
solvent. The diffraction data for TCPP-TPyP-Zn, in Figure 14, shows some minor 
changes in angles between the activated and non-activated species. This may be a result 
of space condensing of some portions of the MOF in absence of solvent due to the large 
structure. The TCPP-BP-Zn diffraction pattern, shown in Figure 15 was compared to 
published diffraction data for comparison and showed consistency with previous 
syntheses. Data for the TCPP-BP-Co MOF was not collected as the cobalt present in the 
MOF interfered with the metal probe of the diffractometer, causing inconclusive data. 
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Figure 13. Powder x-ray diffraction of TCPP-TPyP-Zn MOF before and after activation by heating. 
 
 
 
 
Figure 14. Powder x-ray diffraction of TCPP-TPyP-Zn MOF before and after activation by heating. 
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Figure 15. Powder x-ray diffraction of TCPP-BP-Zn 
 
 
Zn-MOF mediated degradation of DPBF   
MOFs Zn-TCPP-BP and Co-TCPP-BP were found to be stable upon activation and 
replacement into solution and could thus be used in activity tests, the results of which are 
shown in Figure 16 below.  DPBF solution kept in the dark was found to have no 
appreciable degradation over 90 minutes. Upon irradiation through the 480 nm cutoff 
filter, minimal degradation occurred, and exposure to the regular lab lighting proved to be 
very harmful to our solutions. For this reason, all DPBF containing solutions were kept 
wrapped in foil until UV/Visible absorption testing.   
 
Zn-TCPP-BP showed activity consistent with generation of singlet oxygen by the 
incorporated porphyrin upon exposure to light.  A solution containing DPBF and MOF 
particles kept in the dark showed no appreciable decrease in DPBF concentration over 90 
minutes.  However, when the solution was irradiated over 80 minutes, the DPBF 
concentration fell to about 20% of its original concentration, extrapolating from the 
calibration curve shown in Figure 17.  
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Figure 16. Degradation rate of DPBF by TCPP-BP-Zn.  
 
Figure 17. Calibration curve for DPBF concentrations in DMF. 
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Co-TCPP-BP MOF Activity  
Co-TCPP-BP showed unexpected behavior in the activity tests, showing DPBF 
degradation in both the dark control and upon exposure to light. Previous research reports 
that cobalt porphyrins can catalyze the oxidation of water efficiently19, and that the 
reaction of Co with water, especially in the presence of biological chelators, is capable of 
generating a spectrum of reactive oxygen species via a Fenton-type reaction20. These 
reactive oxygen species could then react with the DPBF to break it down in a mechanism 
differing from the known mechanism of DPBF and singlet oxygen to yield a product 
other than 1,2-dibenzoylbenzene.  We believe this is likely for two reasons; the first being 
that DMF is hygroscopic, meaning a non-insignificant amount of water was likely present 
in all solutions.  The second is the appearance of a currently unattributable peak at 435 
nm after 70 minutes when Co-TCPP-BP is reacted in the dark with DPBF may support 
this conclusion. Figure 18 shows the activity data for Co-TCPP-BP with DPBF in the 
dark, with absorbance spectra from our starting materials and expected product overlaid. 
 
 
Figure 18. Degradation of DPBF in the dark by Co-TCPP-BP.  
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Future Research 
All MOFs 
We suggest that the activity tests for the MOFs be conducted in an anhydrous DMF 
solution under an oxygen free atmosphere, as results from this experiment should show 
no appreciable degradation of DPBF in the presence of porphyrin and light exposure, due 
to the absence of atmospheric oxygen.  The lack of dissolved oxygen should confirm that 
degradation of DPBF seen in the experiments described above is due to the generation of 
singlet oxygen by porphyrin upon exposure to light. 
 
Co-TCPP-BP 
Further testing to determine how the cobalt MOF is interacting with DPBF in the dark is 
needed to determine what the byproduct appearing at 435 nm on the UV/Vis spectra is 
and what the mechanism of the interaction is.  Solution conditions should be varied and 
activity in the dark monitored for the following: 
 
1. MOF and DPBF in anhydrous DMF and under an oxygen free atmosphere. 
2. MOF and DPBF in anhydrous DMF under normal air 
3. MOF and DPBF in DMF under an oxygen free atmosphere. 
By varying the solution conditions in this way, we expect that a difference in degradation 
rates of DPBF in the dark in the presence of this MOF will be altered, with reaction 
condition 1 showing no activity, and reaction conditions 2 and 3 showing some activity.  
The likely mechanisms involved include either dissolved atmospheric oxygen or the 
presence of water in DMF.  By controlling for one or the other, a likely mechanism for 
the cobalt MOF interaction should emerge. 
 
Zn-TCPP-DABCO and Zn-TCPP-TPyP 
These MOFs still need to be evaluated for activity in DPBF solution.  We recommend 
that investigation of these MOF species be carried out using the solvated MOFs instead 
of the activated MOFs for activity tests, as our results show that once activated, they 
become much less stable within solution.  We believe direct transfer from the reaction 
vessel to activity test with a substantial DMF wash in between would avoid the 
dissociation issues we observed.
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5. Conclusions 
 
• Four porous MOFs containing Zn(II) or Co(II), a bridging ligand & TCPP 
photosensitizer were synthesized hydrothermally and shown to be thermally 
stable to above 250°C. 
• Increasing the length of the bridging ligand led to significantly greater porosity 
(larger channels with greater void volume) as demonstrated by the relative 
increase in overall mass contributed by included solvent. 
• Generation of singlet oxygen by TCPP-BP-Zn MOF in the presence of light was 
demonstrated in DMF by monitoring degradation of DPBF using UV-VIS 
spectroscopy.  
• Degradation of DPBF by TCPP-BP-Co MOF in the absence of light was observed, 
suggesting that degradation by a different mechanism involving Co rather than the 
TCPP photosensitizer.  
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Appendix A: NMR Spectra 
 
Figure 19. Synthesized tetra(4-pyridyl)porphyrin 1H NMR (500 MHz, CDCl3): δ= 9.87-9.06 (quar, 8H), 8.87 (s, 8H), 
8.16-8.15 (quar, 8H) 
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Figure 20. Pyrrole 1H NMR (500 MHz, CDCl3): δ= 10.59 (s, 1H), 6.62 (dd, 2H), 5.93 (dd, 2H) 
 
Figure 21. Synthesized tetra(4-carboxyphenyl)porphyrin 1H NMR (500 MHz, DMSO-d6): δ= 8.86 (s, 8H), 8.37 (quar, 
16H) 
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Figure 22. Reference tetra(4-carboxyphenyl)porphyrin 1H NMR (500 MHz, DMSO-d6): δ= 8.78 (s, 8H), 8.28 (quar, 
16H) 
 
Figure 23. 4,4'-bipyridal 1H NMR (500 MHz, CCl3d): δ= 8.74 (dd, 4H), δ= 7.54 (dd, 4H) 
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Figure 24. 1,3-diphenylisobenzofuran (DPBF) 1H NMR (500 MHz, CCl3d): δ= 7.03 (dd, 2H), δ= 7.29 (tt, 2H), δ= 7.48 
(td, 4H), δ= 7.85 (dd, 2H), δ= 7.95 (dd, 4H) 
 
 
Figure 25. 1,2-dibenzoyl benzene, oxidative product of DPBF 1H NMR (500 MHz, CCl3d): δ= 7.69 (dt, 4H), δ= 7.62 
(m, 4H), δ= 7.51 (tt, 2H), δ= 7.37 (td, 4H) 
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Figure 26. 1,4-diazabicyclo[2.2.2]octane 1H NMR (500 MHz, CCl3d): δ= 2.70 (s, 6H) 
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Appendix B: IR Spectra 
 
 
 
Figure 27. Synthesized tetrakis(4-carboxyphenyl)porphyrin IR Spectrum 
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Figure 28. TCPP-BP-Co IR Spectrum 
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Figure 29. TCPP-DABCO-Zn IR Spectrum 
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Figure 30. TCPP-TPyP-Zn IR Spectrum 
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Appendix C: Powder X-Ray Diffraction Data 
 
 
 
Figure 31. TCPP-DABCO-Zn powder x-ray diffraction. 
 
 
 
Figure 32. TCPP-TPyP-Zn powder x-ray diffraction. 
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Figure 33. TCPP-Zn powder x-ray diffraction. These were formed in the attempted synthesis of a pyrazine-based MOF. 
 
 
 
Figure 34. TCPP-BP-Zn powder x-ray diffraction. 
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